Introduction: During acute lung inflammation, the lung microvasculature becomes hyperpermeable, resulting in immune cell infiltration and tissue edema. N-3 polyunsaturated fatty acids (PUFAs), when used as a supplement in parenteral nutrition, can attenuate Lipopolysaccharide (LPS)-induced lung injury. In this study, we examined the effects n-3 PUFAs on lung microvascular cell permeability.
Introduction
Sepsis is a systemic inflammatory response to infection, leading to serious complications including acute respiratory distress syndrome and multiple organ failure. The resulting pulmonary failure can lead to morbidity and mortality in the intensive care unit (ICU) [1, 2] . LPS, the main component of the cell wall of gram-negative bacteria, can induce marked acute pulmonary inflammation and lead to systemic inflammatory response syndrome or sepsis [3] . LPS increases the permeability of endothelial barriers facilitating access of white blood cells to the infected tissue, but also causing lung edema [4] . Paracellular permeability, the opening and closing of junctions between endothelial cells, is regulated primarily by Adherens Junctions (AJ) and Tight Junctions (TJ) [5] . Histamine is a strong inducer of hyperpermeability through a pathway mediated by Histamine Receptor 1 (H1R) [6] . Vascular endothelial growth factor (VEGF) promotes vascular leakage, angiogenesis, and tyrosine phosphorylation of AJ proteins [5] [6] [7] . In mice, signaling through matrix metalloprotease (MMP)-1 and protease-activated receptor-1 enhances lung vasculature permeability [8, 9] .
In a previous report, we demonstrated that parental nutrition containing fish oil significantly reduced LPS-induced acute lung injury as determined by reduction of neutrophil accumulation and less lung inflammation in a rat model [10] . Fish oil is rich in n-3 Polyunsaturated Fatty Acids (PUFAs), in particular Docosahexaenoic Acid (DHA) and Eicosapentaenoic Acid (EPA). Several reports have suggested that n-3 PUFAs mediate endothelial and epithelial permeability through alteration of tight junctions (TJ) [11] [12] [13] . However, there was little understanding of the relationship between factors that regulate endothelial permeability and n-3 PUFAs. The purpose of this study was to examine the effects of DHA and EPA on lung microvascular endothelial cell permeability and the expression of permeability-related genes during LPS-induced inflammation. We hypothesized that the n-3 PUFAs would mitigate LPS-induced permeability in lung microvascular endothelial cells.
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Material and Methods
Cell culture
Human lung microvascular endothelial cells (HMVEC-L; Lonza, Basel, Switzerland) were grown as a monolayer in 37°C in 5% CO 2 in Endothelial Growth Media-2 Microvascular (EGM™-2MV Medium; Lonza) supplemented with a SingleQuots Kit (Lonza) containing human epidermal growth factor, hydrocortisone, human recombinant fibroblast growth factor-β, vascular endothelial growth factor, insulin-like growth factor, ascorbic acid, fetal bovine serum (5%), and gentamicin/amphotericin-B.
HMVEC-L cells (10,000 cells/cm 2 ) per well were seeded on fibronectin-coated membrane transwell inserts (BD BioCoat™ Fibronectin Cellware 6.5 mm diameter inserts, 3.0 μm pore size; BD) with 100 μL culture medium added to the apical chamber and 600 μL to the basolateral chamber. The transepithelial electrical resistance (TEER) of confluent polarized HMVEC-L monolayers was measured using the EVOM resistance meter and the Endohm chamber for 6 mm culture cups (World Precision Instruments, Berlin, Germany). Readings were taken every 24 hours until the TEER had risen steadily to ≥45Ωcm 2 , then PUFAs and/or LPS was administered.
Treatment with PUFAs and LPS
EPA, DHA, ascorbic acid (vitamin C), alpha-tocopherol (vitamin E), and LPS (E.coli O55:B5) were purchased from SigmaAldrich (St. Louis, MO). PUFAs were diluted in 100% ethanol to a stock concentration of 400 mM and stored at -30°C. Final PUFA concentration in the culture medium was 40 mM. Vitamins C and E (final concentrations of 75 mM and 20 mM, respectively) were added simultaneously with the PUFAs and were also administered to the control group without PUFA. Monolayers of HMVEC-L cells were incubated with EPA or DHA for 24 hours, and then fresh culture media with EPA, DHA and/ or LPS (1 μg/mL) was added to the apical camber.
Paracellular permeability assay
Paracellular permeability across the endothelial monolayers was determined by monitoring the diffusion of fluorescein isothiocynate (FITC)-conjugated albumin (Sigma). The media in the apical chamber was replaced with media containing FITC-albumin (800 μg/ mL) immediately (0 hours), 4 hours, and 8 hours after LPS treatment. An hour later, samples were taken from the basolateral chamber and assayed with an Infinite 200 microplate reader (Tecan Group Ltd., Germany) using excitation at 485 nm and emission at 535 nm. The data were normalized as ratio of the control group.
RNA extraction, cDNA synthesis, and real-time quantitative PCR
Total RNA was extracted from the cultured HMVEC-L with TRIzol reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. RNA was reverse-transcribed to cDNA using iScript cDNA Synthesis Kits (Biorad Hercules, CA) according to the manufacturer's instructions. Amplifications were performed by quantitative real-time RT-PCR (MyiQ, Biorad) using SYBR Green Real-time PCR Master Mix (TOYOBO, Osaka, Japan). The primer sequences are shown in Table 1 . Relative gene expression was calculated using the ddCt method after normalization to the Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH) level. Because LPS-induced permeability was attenuated by DHA and EPA 4 hours after LPS stimulation, mRNA expression was determined 2 hours after LPS stimulation.
Immunofluorescent staining
Cells were seeded on fibronectin-coated 24-well culture plates. After 4 hours of LPS treatment, the cells were fixed by 4% paraformaldehyde (Sigma), washed with Tris-buffered saline (TBS), permeabilized with 2% Triton-X (Sigma) and incubated with 50 mM ammonium chloride (WAKO, Osaka, Japan). Blocking was performed with 5% bovine serum albumin (BSA) in TBS for 30 minutes. The cells were incubated overnight at 4°C with rabbit anti-VE-cadherin antibody (Abcam, Cambridge, United Kingdom). The next day, the cells were washed with TBS and incubated with Alexa Fluor 488-conjugated goat anti-rabbit IgG (Cell Signaling Technology, Danvers, MA) for 1 hour at room temperature. The cells were incubated with DAPI for nuclear staining, and cell images were taken with the Nikon Ti-E microscope (Tokyo, Japan).
Statistical analysis
Data are presented as the mean ± standard deviation (SD) and were analyzed by Tukey-Kramer's post hoc test. A probability level of p<0.05 was considered statistically significant.
Results
Pretreatment of DHA or EPA inhibited the LPS-increased permeability of HMVEC-L
The permeability of HMVEC-L monolayers was determined by the flux of FITC-albumin. In the absence of LPS, DHA increased the permeability of the HMVEC-L monolayers 4 hours after treatment ( Figure 1A ). When inflammatory conditions were stimulated by LPS treatment, DHA and EPA significantly decreased the permeability of the endothelial monolayers at 4 and 8 hours after LPS stimulation ( Figure 1B ).
EPA decreased H1R and interleukin-6 mRNA expression in response to LPS stimulation
To investigate the mechanisms underlying modulation of lung vasculature permeability by EPA and DHA, we examined mRNA levels for several known mediators of lung vasculature permeability. In the absence of LPS treatment, EPA and DHA had no significant effects on the expression of any of the mRNAs examined ( Figure  2 ). When LPS was administered in the absence of n-3 PUFAs, the levels of the mRNAs for H1R (Figure 2A) , VEGF ( Figure 2E ), and 
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interleukin (IL)-6 ( Figure 2F ) increased. EPA treatment significantly attenuated induction of H1R mRNA (Figure 2A) , and IL-6 mRNAs in response to LPS treatment ( Figure 2F ). DHA significantly attenuated induction of IL-6 mRNAs in response to LPS treatment ( Figure 2F ).
EPA attenuated LPS-decreased VE -cadherin expressions
To examine the integrity of the adherens junctions in the HMVEC-L monloayers, immunofluorescent staining was performed for VE-cadherin. In the absence of LPS treatment, VE-cadherin was localized at the intercellular gaps, and its localization was not altered by DHA or EPA treatment ( Figure 3A-3C) . When LPS was administered to induce inflammatory conditions, VE-cadherin was partially disrupted (Figure 3D ). DHA and EPA treatment reduced the magnitude of VE-cadherin disruption in as a result of LPS treatment ( Figure 3E,3F) .
Discussion
This study demonstrated that pretreatment with DHA or EPA attenuates LPS-induced permeability of lung microvascular endothelial cells. EPA may act through mechanisms that are H1R-dependent, while DHA likely exerts its effects through other pathways.
In the absence of inflammatory stimulation, n-3 PUFAs can influence the permeability of both epithelial and endothelial cells. DHA enhances the permeability of epithelial cells in the absence of inflammatory situation [14] . Similarly, we observed increased permeability of the HMVEC-L monolayers 4 hours after DHA treatment. It is still unclear the mechanism of increased permeability by DHA in non-inflammatory situation, however, Roig-Pérez et al. demonstrated that DHA has some influence on phospholipase C /Ca(2+)/protein kinase C pathway and it lead the disruption of epithelial barrier function in Caco-2 cells [14] . We need more study to elucidate the mechanisms of the increase of permeability by DHA. N-3 PUFAs may prevent epithelial cell barrier disruption during inflammatory conditions by modulating TJ proteins [15] . Li and colleagues demonstrated that in T84 epithelial cells, treatment with pro-inflammatory cytokines (TNF-α and IFN-γ) decreased ZO-1 and occluding expression, and concurrent treatment with n-3 PUFAs 
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increased expression of these TJ protein and improved cell barrier function [15] . In our study DHA and EPA attenuated LPS-induced cell permeability, similar to the results of Li and colleagues; however, neither DHA nor EPA changed ZO-1 or occludin mRNA expression. The use of endothelial cells rather than epithelial cells may explain this difference. Endothelial cells express VE-cadherin as a specific adhesion molecule, and the AJ is a key regulator of endothelial cell permeability [16] . In our study, DHA and EPA attenuated LPSinduced disruption of VE-cadherin, and EPA significantly attenuated H1R mRNA upregulation during LPS stimulation. Histamine can induce a transient and reversible disruption of AJ proteins, such as β-catenin and VE-cadherin, leading endothelial cell hyperpermeability [17] . Thus, in lung endothelial cells, DHA and EPA may influence AJ function more strongly than TJ function.
The anti-inflammatory properties of n-3 PUFAs are wellestablished, and n-3 PUFAs regulate nuclear factor κ-B, an important regulator of IL-6 expression [18] . In the HMVEC-L, we detected antiinflammatory effects of DHA and EPA as decreased expression of IL-6 mRNA following LPS treatment. Because IL-6 enhances endothelial permeability [19] , reduction of IL-6 levels may also explain why DHA and EPA reduced the HMVEC-L permeability. In addition, there are several reports that histamine induceIL-6 expression [20] . Thus, the reduction of H1R mRNAs following EPA treatment may influence IL-6 expression.
In summary, we demonstrated that DHA and EPA can attenuate LPS-induced permeability of lung microvascular endothelial cells. We hypothesize that reduction of IL-6 expression may be an underlying mechanism. Reduction of H1R F level by EPA may also have important roles and may alter the expression of VE-cadherin and IL-6.This is the first report suggesting that n-3 PUFAs may have effects on H1R during inflammation that affects lung microvascular cell permeability. We are continuing to study the underlying mechanism to better understand how n-3 PUFA-based treatments, particularly with EPA, may reduce sepsis-mediated pulmonary injury in ICU patients.
